INTRODUCTION {#sec1-1}
============

About 15% of couples do not achieve pregnancy within 1 year of unprotected intercourse, and male causes for infertility are found in half of these couples.[@ref1] About 15% of known male infertility originates from autoimmune disorders or from inflammation caused by urogenital infections,[@ref1] and this rate is likely to be underestimated, as 30% of male infertility cases are idiopathic.[@ref2] Contrary to orchitis, epididymitis is a frequent condition, and bacterial infections are common causes of epididymitis, especially when involving sexually transmitted *Chlamydia trachomatis* and *Neisseria gonorrhoeae* in young men, and enteric *Escherichia coli* and *Pseudomonas* spp. in older men.[@ref3][@ref4] Even if successfully treated, these infections have been shown to induce stenosis in the epididymal duct, reduction of sperm counts, and azoospermia in up to 40% of patients.[@ref5][@ref6][@ref7][@ref8][@ref9] These clinical data imply a crucial need for an efficient but finely controlled immune response to pathogens in the epididymis.

On the other hand, spermatozoa are produced at puberty, long after the setting of tolerance to self-antigens, and therefore sperm-specific antigens are unknown to the immune system.[@ref10] These antigens are thus potential targets of the male immune system and are at risk of being destroyed. Therefore, there is a special need for tolerance to sperm cells all along their testicular production and epididymal maturation, combined with the need for efficient immune response to pathogens. While the testis relies on a very well-sealed seminiferous epithelium restricting entry of immune cells and molecules into the luminal compartment, the epididymis has evolved different strategies.

New data have emerged in recent years on the immunity existing in the epididymis. This review proposes three figures to illustrate our hypothetical vision of the murine epididymal immune cell organization. These propositions are based both on the available epididymal literature and on the canonical functions known for the cells only recently identified in the murine epididymis. Our purpose will particularly focus on the immune response to pathogens (**[Figure 1](#F1){ref-type="fig"}**), but it will also address less described aspects of the immune regulation that are the control of cancer cells in the tissue (**[Figure 2](#F2){ref-type="fig"}**) and the tolerance to sperm cells (**[Figure 3](#F3){ref-type="fig"}**).

![Model of innate and adaptive responses to urogenital tract ascending pathogens. (**a**) Epididymal epithelial cells have evolved innate mechanisms that fight pathogens, of which expression of various TLRs, antimicrobial molecules (nitric oxide, IDO, β-defensins, *etc*.), and pro-inflammatory cytokines (IL-1, IL-6, *etc*.). (**b**) In the cauda epididymidis, interstitial B cells may be responsible for the secretion of local IgAs or may phagocytose antibody-coated bacteria and limit their dissemination in the tissue and induce specific effector T cells. Activated B cells may then classically activate helper T cells. (**c**) In the initial segment, the high proportion of MPs/APCs and canonical effector T cells in the tissue suggest that classical immune responses are set towards pathogens. APCs could sample circulating foreign antigens and present them to effector CD4^+^ and CD8^+^ T cells, inducing cytotoxicity of infected cells while helper T cells sustain the reaction. Depending on the population of APCs, some cells could migrate to the draining lymph node to elicit the recruitment of effector cells to the infected epididymis. (**d**) In case of epithelial damage due to a severe infection, some CX~3~CR1^+^CD11c^+^ MPs may participate in the elimination of cellular or pathogen debris. (**e**) The newly identified epididymal gd T cells could be activated either by APCs or directly by infected cells. Once activated, they could become cytotoxic thus participating in bacterial clearance. They are also expected to promote epithelial cell maintenance in case of cell injury following severe infections. The epididymal fat pad is suggested as a potential immune reservoir of cytotoxic cells before being recruited during infections. (**f**) The few monocytes identified in the epididymis are expected to sense local stress signal that induces their extravasation into the tissue and their subsequent differentiation into inflammatory MPs (iDCs and iMΦ) that temporarily sustain the immune response. Ep: epithelium; L: lumen; Int.: interstitium; TJ: tight junction; TLR: Toll-like receptor; NO: nitric oxide; IDO: indoleamine 2,3-dioxygenase; IL: interleukin; Ig: immunoglobulin; Ag: antigen; APC: antigen-presenting cell; MP: mononuclear phagocyte; NK: natural killer cell; NKT: natural killer T cell; iDC: inflammatory dendritic cell; iMf: inflammatory macrophage; Class. mono: classical monocyte; N. class. mono: nonclassical monocyte. Note: parts of the **Figure [1](#F1){ref-type="fig"}**--**[3](#F3){ref-type="fig"}** use illustrations modified from Servier Medical Art, licensed under the Creative Commons Attribution 3.0 unported license. To view a copy of this license, visit <http://creativecommons.org/licenses/by/3.0/> .](AJA-21-531-g001){#F1}

![Hypothetical complementary mechanisms of early immune surveillance of cancer cells. (**a**) TGF-β3 has been proposed as an autocrine inhibitor of epididymal epithelial cell growth to limit uncontrolled proliferation. (**b**) A classical immune response may be set for tumour cells. Modified antigens could be sampled by APCs and presented to effector T cells, inducing a cytotoxic response to epithelial tumour cells. (**c**) γδ T cells can be directly activated by tumour cells to become cytotoxic and can induce indirect activation of cytotoxic CD8^+^ T cells by upregulating stimulating molecules on the tumour cell surface. γδ T cells can also inhibit angiogenesis. As suggested for the immune response, the epididymal fat pad could participate in the early elimination of cancer cells by the release of such cytotoxic cells as γδ T cells, NK cells and NKT cells. (**d**) DN T cells can selectively recognize transforming cells and become cytotoxic and suppress them. Ep: epithelium; L: lumen; Int.: interstitium; TJ: tight junction; TGF-β: transforming growth factor-beta; APC: antigen-presenting cell; Ag: antigen; NK: natural killer cell; NKT: natural killer T cell; DNT: double-negative T cell.](AJA-21-531-g002){#F2}

![Model of immune tolerance to sperm cells at steady state or following an interstitial leak of sperm antigens. (**a**--**c**) The epididymal epithelial cells are known to express several molecules implicated in the inhibition of activation (\[**a**\] IL-10, activin A, \[**c**\] TGF-β) or in the killing of activated T cells (\[b\]IDO). This list may not be exhaustive. (**d**) In particular cases such as severe tissue injuries leading to a leak of sperm antigens into the interstitium, tissue CD103^+^ DCs may migrate to the draining lymph node where they present some MGCAs to T cells. The activation of lymph node T cells could then lead to the epididymal recruitment of Treg cells able to inhibit effector T cells activation thanks to their secretion of IL-10 and TGF-β. (**e**) A classical way to induce a tolerogenic response is the weak activation of effector cells by local APCs in an immunosuppressive microenvironment, leading either to their anergy or to their apoptosis. (**f**) A new immunosuppressive population of DN T cells has been described in the mouse epididymis. As in other organs, they are proposed to become activated by local APCs and become cytotoxic to activated T cells and APCs. Ep: epithelium; L: lumen; Int.: interstitium; TJ: tight junction; IL: interleukin; TGF-β: transforming growth factor-beta; IDO: indoleamine 2,3-dioxygenase; APC: antigen-presenting cell; Ag: antigen; DN T: double negative T cell; Treg: regulatory T cell; DC: dendritic cell; MGCAs: meiotic germ cell antigens.](AJA-21-531-g003){#F3}

 {#sec2-1}

### The epididymal epithelium: a first line of defence {#sec3-1}

The study of the epididymal immune system has long been neglected compared with that of the testis. Indeed, the anatomical continuity that exists between the two organs led to the idea that the testis conferred its immunity to the whole genital tract. However, clinical data seriously challenge this idea. First, the epididymal tumour incidence is about 50 times less than that of the testis and 80% of epididymal cancers are not malignant.[@ref11] Second, epididymitis, the inflammation of epididymis caused by the immune response to pathogens, is the most common intrascrotal inflammation,[@ref12] while isolated orchitis is rare and generally associated with mumps infection in young boys.[@ref13] Thus, as cancers arise as a consequence of a defective immune surveillance, and inflammations arise as a response to efficient immune responses, it can be assumed that the organization of the immune system greatly differs between the epididymis and the testis. Experimental data reinforce this assumption. Indeed, the survival of parathyroid grafts in the interstitial tissue has been assessed in both the testis and epididymis of rats. Most intratesticular parathyroid allografts survive for at least twice as long as control grafts in nonprivileged organs, *i.e*., around 41 days, and one-third of the grafts are still functional at 100 days.[@ref14] The intratesticular environment is thus prone to immune tolerance, probably with the help of local testosterone, as the suppression of its secretion by Leydig cells *via* oestrogen pretreatment leads to rapid graft rejections.[@ref15] In sharp contrast, intra-epididymal allogeneic parathyroid grafts, preceded by orchiectomy to exclude any possible influence of intratesticular factors, are rejected as soon as 7--12 days posttransplantation.[@ref16] Thus, if the testis is considered an immunologically privileged site,[@ref14] this cannot be the case for the epididymis.

The first line of defence of this organ is the blood--epididymis barrier (BEB). The BEB is a complex structure comprising a combination of three components that are anatomical, physiological, and immunological barriers.[@ref17] The anatomical barrier is formed by the tight junctions and the basolateral and apical membranes of the epithelial cells.[@ref18] It limits the entry and the exit of molecules and cells from and to the lumen. The physiological barrier comprises transporters that control the movement of substances in or out of the lumen to create a specialized microenvironment that is thought to play a role in the maturation of sperm cells.[@ref19][@ref20] Finally, the immunological barrier is composed of nonimmune cells, *i.e*., epithelial cells that have developed defence systems, and immune cells that have known and suggested roles that will be exposed in the subsequent sections of this review.

Concerning the epithelial cells, several mechanisms of defence have been described. Among them is the expression of Toll-like receptors (TLRs), which are evolutionarily conserved innate receptors that sense pathogen-associated molecular patterns (PAMPs) derived from viruses, bacteria, fungi, and protozoa (**[Figure 1a](#F1){ref-type="fig"}**). TLRs are localized to the epithelial and interstitial cells in the rat epididymis at steady state, some being more abundant than others. Moreover, their expression pattern varies. Indeed, TLRs1--4 are detected in principal cells throughout the epididymal epithelium in all regions of the duct, whereas clear cells of the cauda epididymidis do not express TLRs5--7 or TLR11.[@ref21][@ref22] This may reflect the specificity of action of the different cell types populating the duct. Moreover, a study has demonstrated that an *in vitro Staphylococcus aureus* infection induces the upregulation of TLR2 but not of TLR4 by epididymal epithelial cells (EECs), and this is concomitant with their secretion of pro-inflammatory cytokines and nitric oxide.[@ref23] This is supported by the *in vivo* lipopolysaccharide (LPS) treatment of rats that showed no impact on the expression of TLR4; however, that study did not describe the TLR2 expression.[@ref24] In mice, steady state primary cultures of EECs show an abundant production of TLR4 and TLR5 in principal cells, basal cells, and some interstitial cells, while TLR11 is not detected.[@ref25] This study also showed that TLR4 and TLR5 cooperatively mediate pro-inflammatory cytokine production by EECs, while TLR4 alone mediates the expression of interferon (IFN)-α and IFN-β, after uropathogenic *E. coli* infection of mice. TLRs are also detected in the rooster where 9 of the 10 known chicken TLRs are expressed in the epididymis.[@ref26][@ref27] LPS injection does not affect the level of TLR4 in the epididymis of roosters,[@ref26] whereas *Salmonella enteritidis* infection results in a significant induction of some TLR genes of mature roosters compared with that in healthy birds of the same age.[@ref27] Finally, TLR3, specific to double stranded RNA, has been shown to be constitutively expressed by mouse and human EECs in combination with other viral sensors. These EECs are then able to produce type I IFNs in response to viral ligands.[@ref28][@ref29] Whatever the species, given the diversity of the TLRs expressed by the EECs, these cells appear well armed to fight bacteria (TLRs1, 2, 4--6, 9) and viruses (TLRs3, 7--9) that can be found in the epididymis.

β-defensins are an important class of antimicrobial agents found in the EECs, and more generally in male and female reproductive tracts (**[Figure 1a](#F1){ref-type="fig"}**). They are small cationic peptides with a broad-spectrum action against bacteria, fungi, and enveloped viruses. A great number of β-defensins have been identified so far in the human, mouse, and rat epididymis, some of them being specific to this organ while others are shared with the testis.[@ref30][@ref31][@ref32] They are of particular interest as, besides their ability to kill microorganisms rapidly through membrane permeabilization,[@ref33][@ref34] they are chemotactic for immature dendritic cells and T lymphocytes to sites of microbial invasion in man.[@ref35]

The innate defence of EECs also relies on many other antimicrobial proteins, such as cathelicidins, mucins, protease inhibitors, lactoferrin, lysozyme, LPS-binding proteins, and chemokines well described in previous articles.[@ref30][@ref36][@ref37][@ref38]

An interesting enzyme, indoleamine 2,3-dioxygenase or IDO, has also been described in the epithelial cells of the murine epididymis (**[Figure 1a](#F1){ref-type="fig"}**).[@ref39][@ref40] Contrary to other organs where it is induced by inflammation, IDO is constitutively expressed in the epididymis,[@ref41] suggesting a crucial role for this enzyme. Even if it is generally considered for its tolerogenic properties, IDO is a well-described antimicrobial effector through its catabolic activity which deprives the environment of tryptophan. Even if the *in vivo* effect of IDO, antimicrobial or immunoregulatory, has been generally shown to be dependent on the intracellular pathogen,[@ref42] it is reported to act efficiently *in vitro* against the measles virus, and against bacterial tryptophan auxotrophs, of which the *Chlamydiae* species.[@ref43][@ref44][@ref45]

### The epididymal immune response to pathogens: innate and adaptive immune cells {#sec3-2}

In addition to nonimmune cells, the response to pathogens relies on immune cells, whatever the organ. The innate immune cells are the first cells to interact with pathogens and induce nonspecific responses rapidly that limit the spread of pathogens. Thereafter, innate antigen-presenting cells (APCs, mostly macrophages and dendritic cells) initiate the adaptive response, which is late but pathogen-specific, and which triggers memory cells that will be able to fight the pathogen rapidly during a second encounter.

As early as 1983, lymphocytes and macrophages were described in the human epididymis at steady state.[@ref46] These first observations were completed by the observation that most intraepithelial lymphocytes were T cells, and mainly CD8^+^ T cells, contrasting with the predominance of the CD4^+^ T cell subset in the interstitial tissue.[@ref47] Moreover, the CD8^+^ intraepithelial T cells were prone to cytotoxicity as judged by their granzyme B-positive staining.[@ref48] In rats, CD4^+^ (helper) T cells, CD8^+^ (cytotoxic) T cells, and macrophages have been identified along the length of the epididymis, with a preferential presence in the interstitium compared with the intraepithelial compartment.[@ref49][@ref50] Intraepithelial, CD4^+^ T cells, and macrophages were mostly found close to the basement membrane, whereas CD8^+^ T cells were observed at various heights between epithelial cells.[@ref51] B cells, although rarely seen in the epididymal epithelium, were often located close to the base of epithelial cells, and represented 1% to 5% of the immune cells of the tissue, depending on the age of the animals. None of the immune cells identified in the rat epididymis were found in the lumen.[@ref51] Similar to the rat and human epididymis, the mouse organ was shown to contain macrophages, helper CD4^+^ T cells, and cytotoxic CD8^+^ T cells.[@ref52] Macrophages were the most frequent leukocytes and mainly located in the peritubular layer. The few T cells were essentially observed in the interstitium, and helper CD4^+^ T cells and cytotoxic CD8^+^ T cells showed similar regional and histological distribution patterns. The authors did not notice any distortion in the helper/cytotoxic cells ratio. Finally, there was no invasion of leukocytes into the murine epididymal lumen.[@ref52] Although studies describing epididymal immune cells are scarce and seem restricted by technical limitations, recent works have shed light on new immune populations, thanks to innovative tools such as transgenic animal models and flow cytometry. Such studies were necessary owing to the rapidly growing knowledge on the immune cell populations and ontogeny.[@ref53] The first work reported a newly identified dense network of dendritic cells (eDCs) at the base of the epididymal epithelium in mice expressing CD11c-EYFP and CX~3~ CR1-GFP reporters.[@ref54] From their differential expression of surface markers, the eDCS could be separated into two populations, the CD11c^+^ CD103^+^ cells and the CD11c^+^ CD103^−^ cells. eDCs were shown to project dendrites between epithelial cells and to be able to cross the tight junctions to reach the lumen in the initial segment. In more distal segments, the eDCs morphology differed, as they lost their dendrites to become flat cells in the cauda epididymidis. Moreover, these eDCs were shown to be functional, at least *in vitro*. Indeed, when cocultured with chicken ovalbumin-specific CD4^+^ and CD8^+^ T cells in the presence of ovalbumin, eDCs were able to induce the proliferation of both populations of T cells, showing their ability to present the antigen and to activate helper CD4^+^ and cytotoxic CD8^+^ T cells efficiently. However, these cells were referred to as mononuclear phagocytes (MPs) instead of dendritic cells in subsequent work from the same team, as the authors could not exclude that they were macrophages.[@ref55][@ref56] Indeed, the use of a unique marker to characterise a MP population appears to be insufficient.[@ref53] This led our team to undertake a screening of the various MP and lymphocyte populations in the murine epididymis.[@ref57] Using flow cytometry and a wide set of markers, we identified and quantified the innate populations of monocytes, macrophages and dendritic cells subtypes. This study also revealed the presence of B lymphocytes, γδ T cells, and double-negative T cells (T cells devoid of the CD4 and CD8 markers), whose potential roles will be discussed in subsequent sections. All lymphocytes proved to be distributed along the organ, in the interstitium, and to a lesser extent in the epithelium.

Although all the above studies describe the steady state, they give clues concerning the organization of the immune system in the epididymis. A model of epididymal immunity to a pathogen infection is presented in **[Figure 1](#F1){ref-type="fig"}** with mentions of special region-specific responses when necessary.

Epididymitis is mostly caused by pathogens entering the tissue *via* the cauda epididymidis, where B cells are abundant.[@ref57] From the two functions of B cells (antigen presentation and immunoglobulin secretion), two complementary hypotheses could explain the higher presence of B cells in the cauda compartment when compared with the caput epididymidis (**[Figure 1b](#F1){ref-type="fig"}**). First, these cells could secrete the high amount of local immunoglobulins A (IgAs) described in the tissue,[@ref58] immunoglobulins typical of mucosa that need to be associated with a secretory component to be secreted in the mucosal lumen. As no secretory component was described in association with these IgAs in the rat,[@ref58] they must be confined to the interstitium where most B cells reside.[@ref51][@ref57] Second, B cells could limit the systemic spread of pathogens in case of an epithelial breach. Indeed, several reproductive organs such as the placenta and testis, as well as splenic B cells, have been shown to express a receptor specific for IgA/IgM, the Fca/mR.[@ref59] Thus, if epididymal B cells were to express this receptor, which has still to be proven, they could phagocytose antibody-coated bacteria, process and present the pathogenic antigens to local helper CD4^+^ T lymphocytes, highly represented in the cauda epididymidis,[@ref57] leading to the elimination of the bacteria.

The caput epididymidis, as the last region before ascending pathogens reach the testis, is a crucial compartment for the avoidance of any alteration to sperm production. The typical immune response relies on pathogenic antigen presentation by APCs to T cells that become activated effector cells capable of eliminating the pathogen. Interestingly, most of the MP/APC populations are more numerous in the caput than in the cauda epididymidis, and canonical effectors cells, *i.e*., CD4^+^ and CD8^+^ T lymphocytes, are highly represented in this region.[@ref57] The existence of classical immune responses can thus be questioned in the caput epididymidis, especially in the initial segment where the basal APCs could sample luminal antigens, as they are shown to project dendrites through the apical tight junctions (**[Figure 1c](#F1){ref-type="fig"}**).[@ref54] Epithelial MPs/APCs could then process the antigens to present them to the T cells,[@ref54] which could finally contribute to pathogen elimination, either by a direct cytotoxic action of CD8^+^ T cells[@ref48] or by indirectly sustaining cytotoxicity when considering the helper CD4^+^ T cells (**[Figure 1c](#F1){ref-type="fig"}**). This potential immune response is supported by experimental infections where APCs or lymphocytes or both increase in the interstitium of inflamed epididymides.[@ref60][@ref61][@ref62][@ref63] Moreover, in chronic human epididymitis, elevated numbers of dendritic cells, macrophages, and helper T cells are also observed.[@ref64][@ref65]

In more distal segments, MPs lose these projections but intraepithelial CX~3~ CR1^+^ CD11c^+^ MPs have the ability to engulf apoptotic cells and debris after efferent duct ligation, before returning to their steady state appearance at the end of the apoptotic wave.[@ref56] Such characteristics could contribute to the resolution of a severe infection leading to a partial destruction of the BEB and to a local release of cell and pathogen debris (**[Figure 1d](#F1){ref-type="fig"}**).

In the steady state epididymis, several populations of APCs/MPs have been described on the basis of their expression of various surface markers, including CD11c, CD103, and CX~3~ CR1.[@ref54] As such, they resemble APC populations of the gut, where CX~3~ CR1^+^ cells sample the luminal content and CD103^+^ cells then migrate to the draining lymph node to induce the activation of T cells into effector cells.[@ref66][@ref67] Thus functional characterisation of epididymal DCs and macrophages subsets should be considered for future experiments.

The γδ T cells, typical mucosal cells, have recently been identified in the interstitial and intraepithelial compartments of the murine epididymis.[@ref57] Many tissue-resident γδ T cells show a limited TCR diversity, and only one subtype (Vg6d1^+^ T cells) has been identified so far in the mouse reproductive tract including the uterus, placenta, and testis. Depending on the context, this subtype is able to produce a broad range of cytokines, including IL-17, IL-22, IFN-g, and TGF-β, to have cytotoxic activity, and to promote bacterial clearance.[@ref68] Moreover, these cells are also found in lungs where they participate in epithelial maintenance after injury,[@ref69] suggesting a similar potential role for them in case of a breach in the epididymal epithelium following severe infections (**[Figure 1e](#F1){ref-type="fig"}**). Given the diversity of these cells, it appears of primary importance to establish the epididymal γδ T cells phenotype, in order to have solid clues regarding their actual role in the organ.

Finally, whereas few monocytes have been identified in the epididymis at steady state, these cells are expected to rise in number after infection, as they mostly sense the stress signature that allows their recruitment and local differentiation into inflammatory DCs or macrophages (**[Figure 1f](#F1){ref-type="fig"}**).[@ref70]

This model surely underestimates the role of such innate immune cells as polymorphonuclear cells (PMNs), owing to the scarcity of studies describing these cells,[@ref60][@ref61][@ref71] even though they are crucial during the early steps of infections for inducing pathogen-specific immunity and limiting pathogen dissemination. Moreover, the role of the EECs and defence molecules should not be forgotten when considering the overall response to ascending pathogens (**[Figure 1a](#F1){ref-type="fig"}**). In the future, accurate work will be needed to assess the functional implication of each immune cell type described in the epididymis, especially in the context of experimental bacterial infections. On the other hand, the origin and phenotypes of effector cells found in the epididymis are interesting points to decipher, as they might influence the kinetics and efficiency of the immune response. We suggest that they could originate from the tissue or from the draining lymph node, but another potential source of effector cells has been described close to the epididymis, the epididymal fat pad. Indeed, at steady state, this adipose tissue was shown to possess up to 70% of γδ T cells, natural killer (NK), and natural killer T (NKT) cells among all its lymphocytes, which is quite unusual. In comparison, the subcutaneous inguinal fat pad presented a more conventional profile with high levels of ab T cells (*i.e*., CD4^+^ or CD8^+^ lymphocytes) and B cells.[@ref72] Moreover, the epididymal fat pad of normal mice show physiologically activated NKT cells expressing high levels of intracellular IFN-g.[@ref73] Even if all these cell types regulate fat pad functions, as suggested by the authors, it is tempting to consider the epididymal fat pad as a reservoir of immune cells, especially in inflammatory conditions. Indeed, infection of the epididymis must create a local inflammation, not limited to the tissue, and the dense lymphatic and blood networks that link the two contiguous organs are well defined.[@ref74][@ref75] Overall, one can suggest that the effector cells (and particularly the γδ T cells here) naturally present in the epididymal fat pad, but absent from the steady state epididymis, might be recruited to the site of infection to support the local response (**[Figure 1e](#F1){ref-type="fig"}**). This hypothesis will definitely have to be tested. Finally, a recent study elegantly demonstrated that antigen-experienced, *i.e*., memory CD8^+^ T cells, were able to migrate through the peritoneal cavity to the infected epididymis by directly crossing the capsule, thus not utilising the classical vascular entry route into nonlymphoid organs. This work also proved that, at the end of the infection, some functional resident memory CD8^+^ T cells remain in the tissue.[@ref76]

### The particular case of epididymal cancers {#sec3-3}

As mentioned above, epididymal tumours are rare. Indeed, they account for 0.03% of all male cancers, whereas the most common prostate cancer represents 20% of male cancers in Western countries.[@ref11] Most epididymal tumours are benign and primary, and have an epithelial origin.[@ref11][@ref77] A hypothetical model of the antitumoural defences at work in the epididymis is illustrated in **[Figure 2](#F2){ref-type="fig"}**.

Some nonimmune mechanisms have been suggested that could prevent the initiation of epididymal tumour development, such as strong antioxidant mechanisms, active tumour suppressors and inactive oncogene products that render the cells less likely to become cancerous.[@ref11] A probable absence of stem cells has been evoked as another potential anticancerous mechanism,[@ref11] but a recent study found that the rat basal cells can act as adult stem cells, thus challenging this concept.[@ref78] The presence of persistent tight junctions and a combination of anti-angiogenic factors and misplaced pro-angiogenic factors also contribute to prevent metaplasia.[@ref11] For example, transforming growth factor-beta3 (TGF-β3), which is highly expressed in the rat epididymis and which is present in its active form in the secretory epithelium of the corpus region, has been proposed to act as an autocrine inhibitor of epithelial cell growth in limiting uncontrolled proliferation (**[Figure 2a](#F2){ref-type="fig"}**).[@ref79]

Furthermore, senescence and immune cells play a crucial role in the early elimination of transforming cells. It has been shown that both innate cells (DCs, macrophages, NK, and NKT cells) and adaptive cells (helper CD4^+^ and cytotoxic CD8^+^ T cells, γδ T cells) are required to protect the host against developing tumours.[@ref80] As evoked in the previous section, both APC populations and adaptive cells are found in the epididymis, suggesting that this early immune surveillance can be effective in the organ (**[Figure 2b](#F2){ref-type="fig"}**). This proposition is supported by the fact that the caput epididymidis, where most APCs and numerous effector T cells reside,[@ref57] is less affected by tumours than the cauda compartment.[@ref11] In addition to the classical immune responses (APC/effector T cells), γδ T cells can be directly activated by tumour cells to become cytotoxic and release perforin and granzymes in some experimental conditions. They also have the possibility of expressing ligands that engage death receptors, and they can secrete IFN-γ, thus inhibiting angiogenesis while at the same time enhancing major histocompatibility complex (MHC) class I expression by tumour cells. Consequently, the expression of "modified self", *i.e*., antigens from tumour cells, on the MHC class I molecules promotes cytotoxic CD8^+^ T cell responses (**[Figure 2c](#F2){ref-type="fig"}**).[@ref81] Moreover, some effector cells, such as γδ T cells, NK, and NKT cells, may come from the contiguous epididymal fat pad to support the local response, either to pathogens as proposed earlier, or to tumour cells, as NK and NKT cells are powerful and well-described antitumoural effector cells (**[Figure 2c](#F2){ref-type="fig"}**).

Nevertheless, NK and NKT cells have never been described in the epididymis. We propose that their absence could be overcome, at least in part, by the presence of the newly described epididymal double-negative (DN) T cells.[@ref57] Indeed, these cells are highly cytotoxic towards leukemia cells from patients, as well as cell lines derived from leukemias and lymphomas, but not towards normal cells. They selectively recognize these tumour cells *via* activator receptors also expressed by NK cells, Natural Killer receptor Group 2, member D (NKG2D), and DNAX accessory molecule-1 (DNAM-1, also known as CD226), further supporting the view that DN T cells could replace NK cells in the epididymis.[@ref82] In another model, they are able to suppress lymphoma cells both *in vivo* and *in vitro* by apoptosis *via* the Fas-FasL mechanism (**[Figure 2d](#F2){ref-type="fig"}**).[@ref83]

When the elimination phase fails at eradicating every early transforming cells, some tumour cells may enter an equilibrium phase called dormancy, which can last for the animal\'s lifetime.[@ref80] A mouse model of primary chemical carcinogenesis has been used to demonstrate that equilibrium is mechanistically distinct from elimination and escape phases of cancers,[@ref84] as dormancy is only maintained by adaptive immunity, helper CD4^+^ and cytotoxic CD8^+^ T cells. It also proved that neoplastic cells in equilibrium are transformed but proliferate poorly *in vivo*.[@ref84] Given the low incidence of cancer in the epididymis and the high proportion of CD4^+^ and CD8^+^ T cells,[@ref57] such a mechanism of immune control can be suggested to exist in the tissue and complete the immune surveillance. To investigate the antitumoural mechanisms that really occur in the epididymis, reliable mouse models are lacking; even though many models are available, they induce hyperplasia, hypertrophy, or dysplasia, but fail to reach malignancy, proving a tight control of cell transformation.[@ref85][@ref86][@ref87][@ref88][@ref89][@ref90][@ref91][@ref92][@ref93] These models have only targeted one oncogene, regulator, or growth factor at a time, except the study by Frew and colleagues[@ref93] that combined the deletion of two tumour suppressor genes. To improve animal models, future work will certainly have to aim for well-chosen multiple targets.

### Immune tolerance to sperm cells {#sec3-4}

On the other side of the epididymal immune balance is the peripheral tolerance that must be set and maintained towards spermatozoa, as presented in **[Figure 3](#F3){ref-type="fig"}**.

The first level of protection, again, is the BEB, as one of its functions is to protect the spermatozoa from the immune system, either by preventing sperm antigens from escaping the duct or by impeding immune cells from infiltrating into the lumen. Under physiological conditions, all lymphocytes and APCs are localised in the epididymal epithelium and interstitium but not in the lumen, demonstrating an effective role of the BEB.[@ref46][@ref47][@ref49][@ref50][@ref51][@ref52][@ref54][@ref57]

It has also been suggested that EECs could play a role in the tolerogenic state of the epididymis, as do Sertoli cells in the testis, thanks to their expression of immunosuppressive molecules known to inhibit T cell activation or survival, namely IL-10, IDO, TGF-β, and activin A.[@ref94]

Indeed, IL-10 is localised in the principal cells of the murine epididymal epithelium, suggesting that this cytokine can be secreted into the interstitial tissue and tubular lumen and can keep the T cells migrating to the organ quiet and inactive (**[Figure 3a](#F3){ref-type="fig"}**).[@ref95]

Activin A, a member of the TGF-β superfamily, is another well-known immunomodulatory molecule. Activin A is found expressed in the mouse epididymis,[@ref96] as well as in the epithelial cells of the human caput and cauda epididymidis.[@ref97]

Activin A could act together with the IL-10 in diverting local immune responses towards an anti-inflammatory profile, suppressing effector T cell activation and proliferation by downregulating the expression of costimulatory receptors on the DC surface (**[Figure 3a](#F3){ref-type="fig"}**).[@ref98][@ref99] Activin B, which is emerging for its similar functions to activin A,[@ref99] has also been described in the mouse and human epididymis at the protein level and in the rhesus monkey and human epididymis at the mRNA level.[@ref97][@ref100][@ref101]

As mentioned earlier, IDO is constitutively expressed by murine epididymal epithelial cells, where it could play a dual role as innate effector to ascending pathogens and inducer of tolerance to sperm cells.[@ref39][@ref40][@ref41] Moreover, IDO activity induces the release of high amounts of tryptophan metabolites, kynurenines, in the epididymis.[@ref40] In an *in vitro* model, kynurenines are able to kill activated T cells without affecting DCs and show additive suppressing effects on T cell responses (**[Figure 3b](#F3){ref-type="fig"}**).[@ref102] Kynurenines have also been shown to be implicated in the fetal tolerance during pregnancy.[@ref103]

TGF-β is found in the epididymis of various species. TGF-β1 proteins are present in the rat epididymis in a latent form, whereas active TGF-β3 protein is detected in the corpus epididymidis. Active TGF-β2 is not found, whatever the epididymal region considered.[@ref79] Another study has described TGF-β1 and one of its receptors, TGF-βRII, in the epididymis of the marmoset monkey.[@ref104] Whereas TGF-β1 is found in the apical cells of the caput and corpus epididymidis, its receptor is found in the principal cells of the same regions, suggesting a paracrine process.[@ref104] The mouse epididymis also presents with high *Tgf*- *β1* mRNA levels in the caput and corpus regions,[@ref105] and we have recently observed that TGF-β isoforms and receptors are present in murine epididymal cells, with differential patterns of expression in the three regions of the organ (Voisin, unpublished results). Finally, some studies have brought light on the potential mechanisms used by TGF-β that create and maintain a pro-tolerogenic environment towards sperm cells. Indeed, a recent study has revealed that epididymal tolerance to sperm cells partly relies on TGF-β signalling in DCs, as transgenic mice with TGF-βRII-deficient DCs develop epididymal leukocytosis and antisperm antibodies (**[Figure 3c](#F3){ref-type="fig"}**).[@ref106]

The second level of protection against immune responses to sperm cells relies on the immune cells populating the tissue.

As regulatory T cells (Treg cells) are the canonical tolerance-inducing cells in peripheral organs, they may be key players in a context of severe tissue injury. Indeed, vasectomy, which is used as a model for investigating immune responses to self-antigens after a leak of sperm antigens into the epididymal interstitium, induces a sperm-specific systemic tolerance, which is abrogated by a simultaneous depletion of the Treg cells.[@ref107] The tolerance state is suggested to rely on the presentation of meiotic germ cell antigens (MGCA) to antigen-specific T cells in the draining epididymal lymph node, leading to a rapid expansion of Treg cell activity (**[Figure 3d](#F3){ref-type="fig"}**).[@ref108]

Once activated, Treg cells may promote a local epididymal tolerogenic environment to sperm cells, as a study has shown significant increases in *Il-10* and *Tgf-β* mRNA levels in the epididymis following vasectomy.[@ref105] These two immunosuppressive molecules secreted by the Treg cells are known to inhibit immune responses, particularly T cell proliferation and differentiation into effector cells (**[Figure 3d](#F3){ref-type="fig"}**).[@ref109] Thus, considering these data and the work by Pierucci-Alves *et al*.,[@ref106] it may be suggested that *Tgf-β* produced by the newly recruited Treg cells after severe tissue injury may signal, through the DCs, a maintenance of a tolerogenic environment and a limitation of epididymal damage.

Another argument in favour of a possible recruitment of Treg cells in the epididymis is the presence of CD103^+^ DCs in this organ.[@ref54][@ref57] Indeed, gut CD103^+^ DCs are reported to migrate to the draining lymph nodes where they induce tolerance by promoting the differentiation of naïve T cells into immunosuppressive Treg cells (**[Figure 3d](#F3){ref-type="fig"}**).[@ref66] However, the capacity of gut DCs to induce Treg cells is associated with their expression of the immunosuppressive enzyme IDO.[@ref110] Yet, despite IDO being highly expressed in the murine epididymis,[@ref39] epithelial cells, but not DCs, from the caput epididymidis were found to express it.[@ref40] This apparent paradox will have to be examined.

Another intriguing fact is that there are no or few Treg cells in the steady state epididymis.[@ref57][@ref106] This is quite surprising, as transcriptomic data strongly suggest the presence of Treg cells in the murine epididymis.[@ref111] This discrepancy may be explained by many regulatory T cell populations having been described, independently of Foxp3 expression, as are Th3 and Tr1 cells.[@ref112] This means that there may be unconventional populations of regulatory T cells at steady state, which could play their canonical immunosuppressive roles in helping maintain the tolerogenic state of the murine epididymis.

Altogether these results suggest that Treg cells are not present at steady state, while being massively recruited in the tissue from the draining lymph node after a severe injury leading to a leak of sperm antigens in the epididymal interstitium.

The previous hypothesis implies that distinct mechanisms exist at steady state that maintain the tolerance to sperm cells in the epididymis. One possibility may be the weak activation of tissue effector T cells by local DCs in an immunosuppressive environment, leading to anergy or apoptosis of T cells (**[Figure 3e](#F3){ref-type="fig"}**).

We were the first to describe an unexpected antigen-specific regulatory T cell population, the epididymal DN T cells, that are significantly present in the caput epididymidis.[@ref57] These cells have been mostly described in the female genital tract, the kidney, and the intestine[@ref113] where they act as immunosuppressive cells, suggesting that they could play a similar role in the tolerance to spermatozoa. Indeed, as described in the mouse spleen, DN T cells could acquire sperm antigens from local DCs by trogocytosis, a mechanism of membrane transfer between APCs and lymphocytes, to become presenting cells themselves before killing autoreactive CD8^+^ T cells.[@ref114] In fact, they are able to prevent autoimmune responses efficiently by targeting a broad panel of immune cells including cytotoxic CD8^+^ T cells, helper CD4^+^ T cells, B cells, NK cells, macrophages, and DCs (**[Figure 3f](#F3){ref-type="fig"}**).[@ref115][@ref116] However, other work on human DN T cells has pointed to mechanisms of action distinct from those of murine DN T cells, supporting the need for further studies on these promising cells.[@ref117]

CONCLUSIONS {#sec1-2}
===========

This review has highlighted the wealth of immune mechanisms, proven or suspected, at work in the epididymis that maintain an efficient balance between immune responses to ascending pathogens and tolerance to sperm cells. As often happens in the consideration of immunity, many cells and molecules are suggested to play multiple roles in the epididymis, and their actual implication in the regulation of epididymal immune balance will need to be demonstrated in further studies. For instance, TGF- b isoforms appear to affect (i) BEB maintenance, through the control of epithelial cell growth;[@ref79] (ii) BEB function, through the induction of tight junction loss and consequent epithelial permeability to MP migration;[@ref118] and (iii) tolerance to sperm cells, through its inhibition of T cell activation.[@ref94] Another important focus should also be on the so-far underestimated epididymal fat pad, which seems to be a promising reservoir of immune cells potentially implicated in both sides of the immune balance, although not all species have this fat pad. Concerning this last point, there is a crucial need for animal models as useful tools to decipher the mechanisms underlying the extreme epididymal resistance to tumourigenesis, which could lead to new therapeutic strategies to cure certain cancers. Finally, as human data are dramatically lacking in the field, the transposition of ever-growing animal data to human remains limited, as well as do the opportunities for treating human pathologies associated with epididymal immune defaults.
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